Exoplasmic cysteine Cys384 of the HDL receptor SR-BI is critical for its sensitivity to a small-molecule inhibitor and normal lipid transport activity."
The HDL receptor, scavenger receptor, class B, type I (SR-BI), is a homooligomeric cell surface glycoprotein that controls HDL structure and metabolism by mediating the cellular selective uptake of lipids, mainly cholesteryl esters, from HDL. The mechanism underlying SR-BI-mediated lipid transfer, which differs from classic receptor-mediated endocytosis, involves a two-step process (binding followed by lipid transport) that is poorly understood. Our previous structure/activity analysis of the small-molecule inhibitor blocker of lipid transport 1 (BLT-1), which potently (IC 50 ∼ 50 nM) blocks SR-BI-mediated lipid transport, established that the sulfur in BLT-1's thiosemicarbazone moiety was essential for activity. Here we show that BLT-1 is an irreversible inhibitor of SR-BI, raising the possibility that cysteine(s) in SR-BI interact with BLT-1. Mass spectrometric analysis of purified SR-BI showed two of its six exoplasmic cysteines have free thiol groups (Cys251 and Cys384). Converting Cys384 (but not Cys251) to serine resulted in complete BLT-1 insensitivity, establishing that the unique molecular target of BLT-1 inhibition of cellular SR-BI dependent lipid transport is SR-BI itself. The C384S substitution reduced the receptor's intrinsic lipid uptake activity by approximately 60% without dramatically altering its surface expression, homooligomerization, or HDL binding. Thus, a small-molecule screening approach identified a key residue in SR-BI involved in lipid transport, providing a powerful springboard into the analyses of the structure and mechanism of SR-BI, and highlighting the power of this approach for such analyses.
cholesterol | chemical biology | lipoprotein | disulfide H igh-throughput screening in intact cells of chemically diverse small-molecule compound libraries can identify powerful reagents useful for analyses of a wide range of biological systems (1) . For example, we (2, 3) and others (4-6) have identified small-molecule inhibitors of the activity of the HDL receptor [scavenger receptor, class B, type I (SR-BI)]. SR-BI (reviewed in refs. 7, 8) plays an important role in controlling the structure and metabolism of HDL in mice and humans (7) (8) (9) , in whom plasma levels of HDL cholesterol are inversely proportional to the risk of atherosclerotic disease (10, 11) . SR-BI is expressed most highly in the liver and steroidogenic tissues, and is found in other types of cells. Studies, primarily in mice, have shown that SR-BI's expression can profoundly influence lipoprotein metabolism and gastrointestinal, endocrine, reproductive, and cardiovascular physiology, as well as development and susceptibility to pathogens [e.g., hepatitis C virus (HCV); ref. 12 )] (reviewed in refs. 7, 8) . SR-BI protects against female infertility, red blood cell and platelet pathophysiology, and atherosclerosis/coronary heart disease (reviewed in refs. 7, 8) .
SR-BI controls HDL metabolism by mediating the cellular uptake of its lipids via a mechanism called selective lipid uptake (13) (14) (15) . Selective uptake differs fundamentally from coatedpit receptor-mediated endocytosis employed, for example, by LDL receptors (16) . During selective uptake, HDL binds to the receptor, which then selectively transfers HDL's cholesterol, primarily in the form of cholesteryl esters (CE), into the cells. After lipid transfer, the cholesteryl ester-depleted HDL dissociates and reenters the circulation. Cellular internalization of the SR-BI/HDL complex is not required for selective lipid uptake (17) . SR-BI also facilitates bidirectional transfer of unesterified cholesterol between lipoproteins and cells (18) and can bind other lipoproteins, such as LDL (reviewed in ref. 7) .
SR-BI is a member of the CD36 superfamily of proteins that share a common topology: a large, glycosylated exoplasmic loop connected to the plasma membrane by N-and C-terminal transmembrane domains, each with short cytoplasmic extensions (19) . SR-BI's homooligomerization (20) (21) (22) (23) (24) is mediated by a glycine dimerization motif in its N-terminal transmembrane domain. Mutagenesis and genetics studies have identified a few residues in SR-BI that play roles in lipoprotein binding and lipid transport (24) (25) (26) (27) (28) and in interactions with HCV (29) . For example, disruption of the glycine dimerization motif interferes with oligomerization and efficient lipid transfer into cells (24) . However, the molecular mechanisms underlying SR-BI's activities are not well defined (7) .
To better understand the mechanism and function of SR-BI, we previously performed a high-throughput screen for smallmolecule inhibitors of SR-BI-mediated cellular uptake of the fluorescent lipid 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI) from DiI-HDL (2) . Five compounds identified in the screen (BLT 1-5), as well as fenofibrate and HDL376 (3), are potent blockers of lipid transport (BLTs). BLTs have been used to study a plethora of SR-BI related activities, including caveolar microheterogeneity (30), lutein and vitamin E transport (31, 32) , phagocytosis of apoptotic cells (33) , and cellular entry of HCV (29) . Blocker of lipid transport 1 (BLT-1) ( Fig. 1A) , the most potent SR-BI inhibitor known, blocks SR-BI-mediated selective lipid uptake and bidirectional cholesterol flux with an IC 50 of approximately 50 nM, while simultaneously increasing the affinity of HDL binding to SR-BI (2). BLT-1's effects on SR-BI suggested that it might be a useful tool for examining SR-BI's mechanism.
Structure activity relationship (SAR) analysis of BLT-1 established that its alkyl chain significantly contributes to potency and that the sulfur in the thiosemicarbazone moiety is essential for inhibitory activity-replacement of the sulfur by oxygen completely inactivates BLT-1 (34) . A similar substitution in the thiourea moiety of HDL376 is also inactivating (3). This dependence on sulfur raised the possibility that free thiol groups (reduced cysteines) in SR-BI might be required for BLT-1's and HDL376's activities (e.g., by nucleophilic attack of the thiol at the inhibitor's thiocarbonyl carbon) (34) and result in essentially irreversible inhibition. Here we show that inhibition by BLT-1 is essentially irreversible and that there are two reduced cysteines in native SR-BI's exoplasmic loop (Cys251 and Cys384), one of which, Cys384, is necessary for inhibition by BLT-1 and significantly contributes to the intrinsic lipid uptake activity of SR-BI.
Results and Discussion
Mass Spectrometric Analysis Reveals Two Reduced Cysteines with Free Thiol Groups in SR-BI. Murine SR-BI has eight cysteines: six exoplasmic, one transmembrane, and one cytoplasmic ( Fig. 1B) . A close homologue, bovine CD36 has six exoplasmic cysteines, all of which participate in disulfide bonds (35) between cysteines 242-310, 271-332, and 312-321. A comparison of the SR-BI and CD36 sequences suggests that the following exoplasmic cysteines in the two proteins are likely to be in equivalent positions (SR-BI: CD36): 251:242; 280:271; 321:312; 323:321; and 334:332. There is no corresponding cysteine for SR-BI's Cys384 (C384) in CD36 or for CD36's Cys310 in SR-BI.
We used differential alkylation before and after reduction and liquid chromatography (LC)-MS/MS to identify free thiols in a homogeneously pure, epitope-tagged, and biologically active form of SR-BI, SR-BI-t1 (see Experimental Procedures) (34, (36) (37) (38) . Fig. 1 B and C shows that there were no free thiols at Cys321 and Cys323, and only 6-8% at Cys280 and Cys334, suggesting that these cysteines participate in disulfide bonds. The formation of two disulfide bonds involving these four cysteines is consistent with disulfides at equivalent residues in CD36 (312-321 and 271-332). Comparisons of the electrophoretic mobilities of unreduced and reduced SR-BI (both unmodified and chemically cross-linked; Fig. S1 ) suggest that stable disulfide bonds in SR-BI are intramolecular. Exoplasmic Cys251 and Cys384 in SR-BI were fully reduced in the native protein, and thus potentially available to interact with the thiosemicarbazone in BLT-1, possibly covalently, and thus mediate its activity. Indeed, Fig. 1D shows that in cells stably expressing wild-type murine SR-BI (ldlA[SR-BI]) inhibition of receptor-mediated uptake of the fluorescent lipid DiI from DiI-HDL by BLT-1 was essentially irreversible (slow inhibitor off rate). The cells were preincubated with or without 1 μM BLT-1 for 1 h, then bound BLT-1 was allowed to dissociate (0 or 4 h), and then SR-BI-mediated DiI uptake from DiI-HDL was assessed during a subsequent 2-h incubation without BLT-1. After the 4-h dissociation, the extent of inhibition (26 AE 2% of the control with no BLT-1 treatment) was similar to that observed with no dissociation period (34 AE 3%) or when BLT-1 was included in both the preincubation and DiI uptake steps (43 AE 2%). Similar results were observed in another two independent experiments. (In contrast, see Fig. S2 for a control with the apparently reversible SR-BI inhibitor BLT-4; ref. 2.) Reduction in the apparent IC 50 (increased potency) of BLT-1 accompanied increases in the time of preincubation with BLT-1 (see Fig. S3 ), supporting the suggestion that BLT-1 is probably an irreversible inhibitor.
Roles of Cys251 and Cys384 in the Inhibition of SR-BI Activity by BLT-1.
We generated cDNA expression vectors encoding mutant murine SR-BIs with single (C251S, C384S) or double (C251/384S) Cysto-Ser substitutions. Together with a plasmid expressing wild-type The sulfur in the thiosemicarbazone (R 2 CH 3 N 3 S) moiety of BLT-1 is essential for BLT-1's effects on SR-BI. All activity is lost when the sulfur (shaded) is replaced with oxygen (semicarbazone). (B) Model of murine SR-BI illustrating the approximate locations of the cysteines. Cysteines 251 and 384 are fully reduced (free thiols) whereas there is little or no free thiol in cysteines 280, 321, 323, and 334 suggesting their participation in two intramolecular disulfide bonds. (C) Determination of the free thiols in murine SR-BI by mass spectrometry. Purified SR-BI-t1 was subjected to differential alkylation with NEM before and after reduction, deglycosylated, and proteolytically digested (trypsin and Glu C), and peptides were subjected to LC-MS/MS analysis as described in Experimental Procedures. Cytoplasmic Cys470 is at least partially fatty acylated (52) , which presumably accounts for its low level of free thiol. (D) Cells expressing wild-type murine SR-BI (ldlA[SR-BI]) were preincubated with (septuplet determinations) or without (sextuplet determinations) 1 μM BLT-1 for 1 h, and then incubated without BLT-1 for 0 or 4 h to permit dissociation of any reversibly bound BLT-1. The cells were then incubated for 2 h with DiI-HDL (20 μg of protein per mL) without BLT-1. The cells were then washed and SR-BI specific DiI uptake (relative fluorescence units per well) was determined as described in Experimental Procedures. Nonspecific uptake was measured in the presence of a 50-fold excess of unlabeled HDL (duplicate determinations). All incubations were at 37°C. Similar results were observed in two additional independent experiments. murine SR-BI, these vectors were used to transiently transfect COS cells and to generate stably transfected cell lines (ldlA [C251S], ldlA[C384S], ldlA[C251/384S]) with cell surface receptor levels similar to those of ldlA[SR-BI] cells (13) . The effects of the mutations on receptor activities were similar in stably and transiently transfected cells.
We compared the ability of BLT-1 to alter three receptorspecific activities: 125 I-HDL binding, and uptake of either [ 3 H] CE from [ 3 H]CE-HDL or uptake of DiI from DiI-HDL. All measurements were performed at 37°C and a subsaturating HDL concentration (10 μg of protein per mL). Under these conditions, BLT-1 increases the amount of bound 125 I-HDL due to increased binding affinity of wild-type SR-BI and decreases the receptor-mediated lipid uptake (2) . Fig. 2 A and B shows that, as previously reported (2), 1 μM BLT-1 increased 125 I-HDL binding to and inhibited uptake of [ 3 H]CE by wild-type SR-BI in ldlA[SR-BI] cells. Similar results were observed for the C251S mutant. Thus, the free thiol in Cys251 is not required for BLT-1's activity. We also showed that cysteines in SR-BI's transmembrane (Cys462) and cytoplasmic (Cys470) domains are not required for BLT-1's activity (see Fig. S4 ). However, the binding and lipid uptake activities of the C384S mutant and the C251/384S double mutant were essentially completely resistant to BLT-1. Fig. 2C shows that, unlike wild-type SR-BI (black circles, IC 50 < 100 nM; ref. 2), C384S was resistant to BLT-1 inhibition of uptake of DiI over a wide range of concentrations (white circles). Thus, the free thiol on Cys384 is critical for BLT-1 inhibition of SR-BI. The insensitivity of C384S to BLT-1 provides strong evidence that there is a unique molecular target of BLT-1 responsible for its inhibition of SR-BI in cells-SR-BI itself. This finding agrees with previous analysis of the effects of BLT-1 on the activity of purified SR-BI-t1 incorporated into liposomes (34) .
Potential mechanisms by which the thiosemicarbazone of BLT-1 (Fig. 1) might interact with Cys384's free thiol (34) include (i) thiol nucleophilic attack on the thiocarbonyl as proposed for thiosemicarbazone inhibition of cysteine proteases (39), (ii) transition metal mediated interaction (40, 41) , and (iii) disulfide bond formation between the thiosemicarbazone's sulfur and Cys384's free thiol (42, 43) . These mechanisms could contribute to BLT-1's high potency. The importance of Cys384 for BLT-1's activity raised the question: Does this residue contribute to the intrinsic activity of SR-BI?
Contribution of Cys 384 to the Intrinsic Activity and Structure of SR-BI. Fig. 3 shows the absolute amounts of binding of 125 I-HDL and uptake of [ 3 H]CE from [ 3 H]CE-HDL (10 μg of protein per mL) at 37°C by SR-BI and the cysteine mutants when transiently expressed in COS cells. The values are corrected for differences in relative cell surface expression levels of the receptors, which were as follows: SR-BI, 1.0; C251S, 1.1; C384S, 1.3; and C251/ 384S, 1.5 (determined by flow cytometry in an independent experiment). The similar levels of surface expression-assuming the mutations did not alter antibody binding (see Experimental Procedures)-suggest that the mutations do not dramatically interfere with receptor folding, intracellular transport to the cell surface or stability. Fig. 3A shows that there were no significant differences in 125 I-HDL binding based on ANOVA analysis with Tukey posttesting [there was a barely significant difference (P ¼ 0.0336) between SR-BI and C384S based on the Student t test]. There was no difference in lipid uptake mediated by SR-BI and C251S (Fig. 3B) . In contrast, the C384S and C251/ 384S mutants exhibited significantly reduced (ca. 60%) lipid uptake (P < 0.0001 for ANOVA analysis with Tukey post test or Student's t test) compared to SR-BI and C251S. Similar results were observed using stably transfected cells (see Fig. S5 ). Thus the effects of the C384S mutation were similar to the effects of BLT-1 on wild-type SR-BI-mediated lipid uptake, but not HDL binding. Thus, it appears that Cys384, presumably through its free thiol group, significantly contributes to the intrinsic ability of SR-BI to mediate lipid uptake in a manner that is inhibited by BLT-1. A similar approach (Cys-to-Ala mutation) has been used to show that exoplasmic Cys97 in the ADP receptor P2Y12 Statistical analyses comparing without or with BLT-1 were performed using either one-way ANOVA with Tukey posttesting ( Ã P < 0.0001) or the unpaired two-tailed t test at 95% confidence intervals ( þ P < 0.0025 or ∧ P < 0.001).
is necessary for its normal activity and sensitivity to the free-thiolcontaining active metabolite of its inhibitor clopidogrel (44) .
The phenotype of the C384S mutant is reminiscent of that of SR-BI with a mutagenic disruption of the glycine dimerization motif (GX 3 AX 2 G) in its N-terminal transmembrane domain: essentially normal surface expression and HDL binding, but a twofold reduction in lipid uptake (24) . There is almost a complete loss of receptor homooligomerization when the dimerization motif is disrupted, as detected by cross-linking with the watersoluble, membrane-impermeable cross-linker bis(sulfosuccinimidyl)suberate (BS 3 ) or by coimmunoprecipitation. We therefore used cross-linking with BS 3 to determine if the C384S substitution disrupted receptor homooligomerization (Fig. 4) . The ε-subunit of coatomer protein I (ε-COP) was used as a loading control and control for artifactual intracellular cross-linking (see Fig. S6 ). BS 3 treatment converted 49 AE 3% of wild-type and 50 AE 5% of C384S receptors into covalently cross-linked oligomers (averages from four experiments). Thus, the effects of C384S on lipid uptake cannot be attributed to loss of receptor oligomerization.
In summary, using a chemical biology approach we identified a highly potent, thiosemicarbazone inhibitor of SR-BI-mediated lipid uptake, BLT-1 (2) . SAR analysis showed that the sulfur of BLT-1's thiosemicarbazone was essential for activity (34) . These analyses led us to investigate the cysteines of SR-BI and identify one cysteine, Cys384, that plays a critical role in the mechanism by which BLT-1 inhibits SR-BI-mediated lipid uptake and that contributes to its intrinsic lipid uptake activity. It is noteworthy that human CD36, which does not have a cysteine equivalent to SR-BI's Cys384, binds to, and yet does not mediate efficient lipid uptake from, HDL. Our findings suggest that identification and characterization of other small-molecule modulators of SR-BI's activity might provide additional insight into this receptor's mechanism of action. Mass spectrometric analysis of the free thiols in recombinant SR-BI-t1.
Experimental Procedures
We isolated essentially homogenous SR-BI-t1 using immunoaffinity chromatography as described previously (34, 36) . SR-BI-t1 is a C-terminally epitope-tagged murine SR-BI with uniform, truncated N-linked oligosaccharide chains (34, 49) . Purified SR-BI-t1 (10 μg) and bovine RNase A (10 μg, as a reaction control, from Sigma-Aldrich) were alkylated prior to reduction with undeuterated N-ethylmaleimide (NEM) to modify free thiols, and then alkylated after reduction with deuterated NEM d 5 to modify those cysteines that had been in disulfide bonds in the native structure (37, 38) . The products were then deglycosylated (peptide:N-glycosidase F) and proteolytically digested (trypsin and Glu C), and the product peptides subjected to LC-MS/MS analysis on an Orbitrap mass spectrometer (Thermo) to determine relative amounts of cysteines in SR-BI that were or were not in the free thiol state (see SI Experimental Procedures for details). Results wi th N E M al kylati on were c onfirme d usin g iodoacetamide (nonreductive) and 4-vinylpyridine (reductive) alkylation.
Generation of mutant cDNAs. Murine SR-BI cDNA incorporated into the pcDNA1 vector (Invitrogen) (13) was used as a template for site-directed mutagenesis (QuickChange II site directed mutagenesis kit, Stratagene). Cys-to-Ser mutations were engineered at positions 251 and 384 (C251S, C384S, and C251/384S) and introduced into a CMV promoter-driven expression vector for wild-type SR-BI (pmSR-BI ex68; ref. 25) (see SI Experimental Procedures).
Cells and Cell Culture. Unless otherwise noted, cells were maintained and assay incubations were performed at 37°C in a humidified 5% CO 2 , 95% air incubator. Cellular protein levels were determined by the method of Lowry et al. (50) .
Stable transfectants. LDL receptor-deficient Chinese hamster ovary cells (ldlA-7) (51), which express low levels of endogenous SR-BI (13), were stably transfected with the SR-BI mutant Receptor-specific values were calculated as the differences between the total binding and uptake values (triplicate determinations) and the nonspecific values measured in the presence of a 40-fold excess of unlabeled HDL (single determination). All values were normalized to correct for differences in receptor surface expression relative to wild-type SR-BI based on flow cytometry (see text). Statistical analyses comparing wild-type SR-BI and the individual mutants were performed using either one-way ANOVA with Tukey posttesting ( Ã P < 0.0001) or the unpaired two-tailed t test at 95% confidence intervals ( þ P ¼ 0.0336 or Ã P < 0.0001). Procedures) . Analysis of the same filter with an antibody to ε-COP (Fig. S6 ) showed that this intracellular protein that is part of a multiprotein complex was not cross-linked by BS 3 to itself or other proteins. This result suggests that BS 3 -mediated cross-linking was restricted to exoplasmic domains of surface proteins.
cDNAs described above and transfectants with similar levels of surface receptor expression (determined by flow cytometry using anti-SR-BI antibody KKB-1; ref. 52) were isolated (see SI Experimental Procedures) and maintained in Ham's F12 medium containing 2 mM L -glutamine, 50 units∕mL penicillin, and 50 μg∕mL streptomycin (medium A) supplemented with 5% (vol∕vol) FBS and 0.25 mg∕mL G418 (medium B).
Transient expression of cDNAs in COS cells. COS cells were grown in
Dulbecco's modified Eagle's medium containing 2 mM L-glutamine, 50 units∕mL penicillin, and 50 μg∕mL streptomycin (medium D) supplemented with 10% (vol∕vol) FBS (medium E) and transfected with wild-type (25) were measured for 2 h in the absence (total activity) or presence (nonspecific activity) of a 40-fold excess of unlabeled HDL (8, 13) . Specific binding or uptake is the difference between total and nonspecific activities. The amounts of cell-associated [ 3 H]CE are expressed as the equivalent amount of [ 3 H]CE-HDL protein (nanogram) to permit direct comparison of the relative amounts of 125 I-HDL binding and [ 3 H]CE uptake (53) . All calculated errors represent standard errors of the mean. In assays using BLT-1 [37°C, medium A plus 0.5% (wt∕vol) BSA (medium C) plus 0.5% (vol∕vol) DMSO (medium F)], cells were preincubated with the indicated concentrations of BLT-1 for 1 h and then assayed in the presence of BLT-1 as described above. (See SI Experimental Procedures for details.)
Lipid uptake from DiI-labeled HDL. Cellular uptake of DiI from DiI-HDL (all incubations at 37°C) was measured on day 2 after plating stably transfected cells (50,000 cells per well) in 96-well plates (Costar, black with clear, flat bottom). Cells were preincubated in assay medium F with the indicated concentrations of BLT-1 for the indicated times prior to incubations with DiI-HDL (2 h). Cell-associated DiI (relative fluorescence units per well) was measured using a fluorescence plate reader and represents SR-BI specific uptake [differences between total uptake and nonspecific uptake (determined in presence of excess HDL)].
[See SI Experimental Procedures for details.]
Flow cytometric analysis of SR-BI cell surface expression. Cell surface levels of receptors were determined using anti-SR-BI antibody KKB-1 and flow cytometry (26) (see SI Experimental Procedures). Comparisons of relative surface expression of wild-type and mutant receptors assumed that the mutations did not interfere with KKB-1 binding. The major conclusions of this study are independent of potential differences in affinities of KKB-1 binding.
Determination of receptor oligomerization by cross-linking and immunoblotting. In four independent experiments, surface proteins of ldlA[SR-BI] and ldlA[C384S] cells were cross-linked with the indicated amounts of the water-soluble, membraneimpermeable cross-linker BS 3 (Thermo Scientific) and monomeric and oligomeric forms of SR-BI and C384S were detected by imunoblotting with anti-SR-BI antibody 495 (13, 54) (see SI Experimental Procedures). The same samples were analyzed by immunoblotting with a polyclonal rabbit anti-ε-COP antibody (55) as a loading and intracellular cross-linking control.
